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Abstract
Can stable isotopes from tree rings improve our understanding of past variability in the southern
annular mode?

Zachary Grzywacz

Few annually dated stable isotope records exist across Oceania. In mid- to high-latitude locations
in South America, tree-ring stable isotopes provide information about past climate dynamics
such as the Southern Annular Mode (SAM). The SAM drives latitudinal shifts in Southern
Hemisphere westerly winds, influencing temperature and moisture delivery across the mid- to
high-latitudes, including Tasmania. Combinations of paleoclimate proxies from across the
Southern Ocean might provide insight into dynamic processes like the SAM that are difficult to
measure with a single proxy. Measuring stable carbon and oxygen isotope ratios from tree rings
in Tasmania could provide complementary data to contribute to existing reconstructions heavily
reliant on tree ring width chronologies.
A team collected tree core samples of Athrotaxis selaginoides from a high elevation site in
Tasmania, Australia. The site receives abundant rainfall throughout the year and is ~130 km
from the Global Network of Isotopes in Precipitation (GNIP) site at Cape Grim. I crossdated our
new samples against an existing tree-ring width chronology (439 BCE - 2011 CE) and analyzed
the δ13C and δ18O from the individual rings of ten trees for the period 1960 - 2018. Using high
resolution (0.25 degrees) Australian Bureau of Meteorology Scientific Information for Land
Owners (BOM SILO) climate data and ECMWF ERA5 reanalysis data, I disentangled the effects
of local climate and source region on the isotopic signatures recorded in the annual rings. In
addition, I used HYSPLIT backward trajectory analysis to determine the source region of
precipitation to Mount Read and whether the source region is influenced by the SAM.
Median δ18OTR (n=10) is correlated with temperature and vapor pressure deficit in the early
growing season. In addition, spatial correlations reveal that median δ18OTR is positively
correlated with temperature and negatively correlated with precipitation in the source region.
However, measurements of δ18OTR exhibit high inter-tree variation, particularly between 1960 1990. Suess-corrected δ13CTR measurements are not significantly correlated with local climate
measures, and have no significant relationship with δ18OTR, implying that the influence of local
moisture on the isotopic signatures is weak. During positive states of the SAM, there is a midlatitude influence in the source region of precipitation to Mount Read that is not present in
negative states of the SAM. Our results indicate that combined δ18OTR and δ13CTR proxies may
provide additional information about past moisture conditions during the growing season,
potentially contributing to more robust reconstructions of the SAM; however, additional
sampling in a different environment may be necessary to resolve inter-tree variation in δ18OTR.
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Introduction
The southern annular mode (SAM) is a latitudinal pressure gradient that controls the strength and
position of the Southern Hemisphere westerly winds. In turn, this pressure gradient influences
climate variability, including temperature, precipitation, and humidity in the Southern
Hemisphere at decadal-to-centennial scales. Previous paleoclimate reconstructions combined
with instrumental data and model experiments suggest that the SAM has entered an increasingly
positive state since the late 1400s (Abram et al. 2014, Villalba et al. 2012, Zhang et al. 2010).
This trend has likely contributed to changing environmental conditions in the mid-latitudes,
including increased drought and fire activity in southern Australia (Mariani & Fletcher, 2016).
The long-term context of this trend in SAM remains uncertain. Southern Hemisphere climate
data for periods beyond the instrumental record are limited (Allen et al., 2017) and there is
disagreement among the existing reconstructions regarding the multi-decadal behavior of the
SAM (Hessl et al., 2017).
Tree ring data provide a source of high-resolution millennial-length climate information for the
Southern Hemisphere and have improved our understanding of variability in dynamical
processes like the SAM (Trouet et al., 2009). Several multi-millennial tree ring records exist for
the Southern Hemisphere (Cook et al., 1991; Allen et al., 2017; Boswijk et al., 2006; Lara &
Villalba, 1993), yet there has been limited application of tree ring stable isotopes for climate
reconstruction in the Southern Hemisphere (Pearman et al., 1976, Lavergne et al., 2016; Roig et
al., 2006). Oxygen isotopes in tree rings (δ18OTR) are a promising source of information about
past climate, though the effects of precipitation source region, local climate, and tree physiology
on δ18OTR can be complex (McCarroll and Loader, 2004; Treydte et al., 2014; Porter et al.,
2014).
Generally, oxygen isotopes in tree rings follow distinct trends for temperature and precipitation.
Greater temperatures and evaporation typically result in more enriched δ18OTR signals through
influencing the δ18O of the source water (precipitation) and increasing evaporative enrichment
(Dansgaard, 1964). Precipitation amount generally has a negative relationship with δ18OTR, due
to Rayleigh distillation. However, these effects can also be influenced by source region (a polar
source region will be more depleted, and vice versa for tropical source regions) and seasonal
effects (higher temperatures mean an enriched δ18O signal in the summer; source region may
change with the seasons). Local moisture and the origin of air masses are often the strongest
influences on the δ18OTR chronology (Meier et al., 2020; McCarroll and Loader, 2004; Treydte et
al., 2014).
Dual isotope methods might also serve to reduce uncertainty around the complex processes
influencing δ18OTR (Scheidegger et al., 2000; Roden & Farquhar, 2012). Carbon isotopes
(δ13CTR) are influenced by both stomatal conductance and photosynthetic rate, while, of those
two factors, oxygen isotopes are only influenced by stomatal conductance. δ13CTR is often
negatively associated with relative humidity, which controls stomatal conductance, and
positively associated with irradiance, which influences photosynthetic rate (Gagen et al., 2004;
McCarroll and Pawellek, 2001). These relationships allow us to distinguish which processes are
dominant at the site given the combination of both measurements. For example, a positive
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relationship between δ18OTR and δ13CTR implies strong stomatal control over the signal of both
isotopes (Scheidegger et al., 2000).
Assuming that there is a strong relationship between the δ18O of precipitation (δ18OP) and δ18OTR,
it is possible to reconstruct historical temperature variations using δ18OTR (Treydte et al., 2014).
In South American mid-latitude sites, δ18OTR has a positive relationship with summer
temperature (Lavergne et al., 2016; Roig et al., 2006), though more research is needed to
determine if this relationship is present at other Southern Hemisphere sites. Expanding the use of
this method to new tree species and different regions would bolster the ability of this proxy to
contribute to Southern Hemisphere climate reconstructions.
Tasmania, Australia (39-42°S) is located at the northern extent of the current position of the
SAM, making it an ideal location to develop paleoclimate proxies for supporting reconstructions
of the SAM. Athrotaxis selaginoides, a conifer endemic to Tasmania, is long-lived with some
individuals persisting for 1000 years or more, and subfossil wood suggesting preservation of up
to 2000 years (Allen et al., 2017). A. selaginoides develops consistent annual rings, but ring
widths only weakly reflect local climate variability (Allen et al., 2017), indicating that stable
isotope records may contribute new climate information that is not present in other tree-ring
parameters. Mount Read, located on the west coast of Tasmania, averages over 3500 mm of
precipitation per year. Temperatures at high elevation (1100 m, in the case of Mt. Read) (Wilson
et al., 2011) are relatively low, which would reduce the effect of fractionation via evaporation
from the soil surface (Table 1).
Given the location of the site and expected relationships for δ18OTR observed at other sites (Porter
et al., 2014; Lavergne et al., 2016; Meier et al., 2020; Table 1), I tested the following hypotheses:
H1: At the local scale, δ18OTR in KBP tree rings is positively correlated with local
temperature and negatively correlated with precipitation and relative humidity during the
growing season.
H2: At the local scale, δ13CTR in KBP tree rings is positively correlated with irradiance
and negatively correlated with precipitation and relative humidity during the growing
season.
H3: At the regional scale, δ18OTR in KBP tree rings is positively correlated with
temperature and evaporation and negatively correlated with precipitation in the source
region (as defined by splitR backward trajectory analysis) in September – February.
H4: Pathways of moisture delivery to Mount Read will be dependent on the state of the
SAM.
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Table 1: Summary of expected δ18OTR and δ13CTR relationships with local and regional climate
Enriched δ18OTR signal
Local temperature increased
Local RH/precipitation decreased
Increased evaporative enrichment
Source moisture more enriched
Lower latitude moisture source (25 – 35
degrees South)

Depleted δ18OTR signal
Local temperature decreased
Local RH/precipitation increased
Decreased evaporative enrichment
Source moisture more depleted
Higher latitude moisture source (Southern
Ocean)

Enriched δ13CTR signal
High photosynthetic rate
Low stomatal conductance
High irradiance
Low precipitation/RH

Depleted δ13CTR signal
Low photosynthetic rate
High stomatal conductance
Low irradiance
High precipitation/RH

Literature Review
Southern Annular Mode
The SAM is defined as the leading mode of variability of the mid-latitude Southern Hemisphere
pressure field (Thompson & Wallace, 2000; Marshall, 2003). The change in the SAM that is
most influential in driving climate conditions is the latitudinal movement of the Southern
Hemisphere mid-latitude jet, which drives atmospheric conditions such as temperature, surface
pressure, and zonal wind. When the SAM is in a positive phase, the jet and its associated storm
tracks shift towards Antarctica. While the SAM is in a negative phase, the shift moves in the
opposite direction, towards the equator. During the period of instrumental record (~1950 to
present), the SAM has shifted to a positive phase, as measured by increases in latitudinal sea
level pressure. This trend is associated with increased drought and fire activity in the midlatitudes of the Southern Hemisphere continents (Mariani & Fletcher, 2016).
Several factors may be responsible for the recent positive trend in the SAM. Foremost among
these are ozone depletion and global warming caused by increased greenhouse gas emissions in
the modern era (Kushner et al., 2001). However, reconstructions of Southern Hemisphere
conditions suggest that the positive trend in the SAM has been present since the 15 th century,
implying that natural forcing (particularly increased solar irradiation) may be contributing to the
positive shift (Abram et al., 2014). By observing historical trends in the SAM, it is possible to
understand its natural variation, which will provide insight into how natural and anthropogenic
factors interact to generate both the recent positive shift as well as the strong negative excursion
in the late 1300s to early 1400s.
Interannual to centennial scale variability in the SAM could be generated by its interaction with
other oceanic or atmospheric dynamics. For example, when different phases of the SAM and
3

ENSO align, Fogt et al. (2011) observed extreme wind anomalies in the Southern Pacific Ocean.
There is also evidence that the Antarctic polar vortex interacts with the SAM at a seasonal scale
(Lim et al., 2019). When the Antarctic polar vortex weakens, it can influence the SAM to enter
an anomalously negative state at the monthly scale, a trend which has been linked to extreme hot
and dry conditions in Australia. The Interdecadal Pacific Oscillation (IPO) has been linked to
Australian megadroughts in its positive phase (Vance et al., 2015). Coinciding phases of the
SAM and the IPO could produce strong drought conditions in Australia.
The SAM has zonally distinct effects on climate across the mid- to high- latitudes of the
Southern Hemisphere. Sea level pressure presents an exception to this variation, as SAM
correlations with SLP are consistent and annular in nature (Marshall, 2003). In southern
Australia (including Tasmania), the SAM is negatively correlated with precipitation in the winter
months (Hendon et al., 2007). As the SAM has shifted to a positive state, there has been an
associated decline in precipitation in the winter (Cai et al., 2011). However, this relationship
reverses in the summer months, albeit with a weaker association (Hessl et al., 2017). These
effects are not universal for the entire Southern Hemisphere, or even across the same latitudes. A
different trend is consistent with patterns in South America, where the SAM index is wellcorrelated with summer precipitation, but not winter precipitation (Garreaud et al., 2013). These
zonally distinct effects pose significant challenges for hemispheric-scale reconstructions of SAM
variability.
Three of the existing SAM reconstructions (Dätwyler et al., 2018; Abram et al., 2014; Villalba et
al., 2012) tend to agree over multi-decadal to centennial scale trends, such as the positive trend in
the modern era and the negative excursion in the 15th century. This negative excursion is the
result of a century-long decrease that peaks as late as 1480, though the amplitude is debatable
and may range between -1 and -2.8 (Dätwyler et al., 2018). Zhang et al. (2010) attempted to
remove all centennial scale variability, and as such there are no long-term trends visible in the
reconstruction. Limited data are available prior to ~1000 C.E., and none of the models go back
further than this as a result. Among all of the reconstructions, there is disagreement about shortterm, decadal scale trends. This could be caused by seasonal or spatial variability in the SAM.
SAM reconstructions have some limitations, based on the location and nature of readily available
data. Because many proxies record growing season conditions, winter months are not included in
many reconstructions. This may not be an issue for reconstructions of summer SAM, but the
abundance of these records in annual reconstructions may present a strong seasonal bias. Overall,
the SAM index performs poorly in correlating with spring and winter conditions (Jones et al.,
2009). Targeting proxies that are known to capture temperature or precipitation for seasons other
than summer would increase the strength of SAM reconstructions for these months, thus
increasing the strength of annual reconstructions as well. In addition, the Indian Ocean presents a
challenge for reconstructing the SAM due to limited land area and a sparse proxy network (Hessl
et al., 2017). Developing proxies that record conditions for this region would greatly increase
knowledge of the spatial variability of the SAM. Finally, the climatic effects of the SAM are
asymmetrical, which challenges the traditional index that attempts to measure the entire Southern
Hemisphere. Given variability between regions, it may be more beneficial to produce and
compare regional reconstructions (Visbeck, 2009). This approach gives greater insight into
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spatial trends in the SAM without altering temporal resolution, though it does complicate the
calculation of Hemisphere-wide trends over time.
Tree-ring Stable Isotopes
Dendrochronology has been used for a variety of scientific purposes, including
paleoclimatology. Many trees produce annual rings, due to slower, denser cell growth at the end
of the growing season each year. Each ring typically represents one year of growth, and the
outermost ring represents either the year that the sample was gathered (in the case of a live tree)
or the year that the tree stopped growing. This seasonal pattern of growth makes it possible to
track a tree’s growth over time using a cross-section or core of the tree (Stokes & Smiley, 1968).
Crossdating makes it possible to assign each ring to an absolute year. The process of crossdating
compares patterns of ring width to match growth years for different trees and determine specific
years for each ring (Speer, 2010). Tree ring width and other wood properties are used in
climatology to measure climate variability over time. Trees that exist at the edge of their species’
ecological amplitude may have their radial growth limited by factors such as temperature or
drought (Fritts, 1976). If the rings of these trees vary with changing growth conditions, then
these trees exhibit sensitivity and can be used to measure the variation of the limiting factor
(often temperature or precipitation) over time. If these records are standardized using methods
such as age band decomposition, they can be compiled and used to create hemisphere-wide
reconstructions of climatic conditions (Speer, 2010).
Tree rings have further potential with the application of stable isotopes, particularly where ring
width variables are weakly correlated with climate variables (McCarroll and Loader, 2004).
Principles from dendrochronology and stable isotope theory can be combined to produce climate
proxies using the isotopic composition of tree rings (Libby et al., 1976). Trees record the
conditions in the environment around them by taking in elements from the soil and the
atmosphere. Thus, in the absence of translocation between rings, the wood of a tree represents a
record of isotopic history. Tree-ring isotopes have many of the same advantages that tree-ring
width chronologies provide – the rings produce a perfect annual resolution record and the
abundance of trees that overlap in time provides the ability to determine the variability of the
measurements (McCarroll and Loader, 2004). However, unlike radial growth, which is
determined by a variety of factors, the environmental controls on isotope ratios in tree rings are
relatively definite, meaning that tree-ring isotopes may be more likely to represent a climatic
signal. Lukač et al. (2021) demonstrated that the tree-ring isotope records of the species Pinus
heldreichii produced stronger climate reconstructions than the ring width record of the same
species.
Elements taken up by trees are fractionated at a several points along their paths to allocation in
wood. Therefore, the isotopic ratios recorded in the rings are not directly representative of the
source water or air – though under the right conditions, they reflect the variation in these values
(Treydte et al., 2014). Because of this, there is added value to tree-ring isotope measurements, as
they also record how the tree responded to changing environmental conditions. This also
complicates the analysis that must be done to understand the signals found in tree-ring isotopes
(McCarroll and Loader, 2004).
5

Stable oxygen isotopes in precipitation have been used extensively to investigate global climate
(Dansgaard, 1964). The lighter oxygen isotope (16O) evaporates more readily than the heavier
oxygen isotope (18O), however 18O condenses more readily than 16O. At higher temperatures, 18O
will more readily evaporate and form precipitation. Therefore, the isotopic composition of
precipitation is dependent upon conditions in the source region of the moisture as well as local
conditions where precipitation forms. The temperature-dependent nature of this relationship has
made it possible to make inferences about past global temperatures based on the ratio of 18O to
16
O from a variety of proxies across space and time.
In trees, oxygen is taken up through soil moisture (H2O) and follows a long path which includes
multiple points of fractionation (Treydte et al., 2014). In some settings, δ18O of soil water reflects
δ18O of local precipitation; however, several factors can modify this relationship. Evaporation
can enrich the soil moisture in 18O, as 16O evaporates more readily than 18O. In addition, the
rooting depth of the tree can alter the residence time of water in the soil, as deeper-rooting trees
may preferably use groundwater as opposed to surface moisture (Ehleringer & Dawson, 1992).
These two factors can interact to produce an isotopic signal that is more enriched than the
original precipitation.
While source water composition is an important control on δ18OTR, the other major source of
fractionation occurs in the leaf, where water can be enriched through evaporation. Short-term
variation in tree-water δ18O can be introduced by stomatal conductance, which is influenced by
relative humidity, the dominant control on leaf evaporative enrichment. However, this process is
tempered by the advective transport of unenriched xylem water to the leaf, producing a Péclet
effect (Barbour et al. 2004). This process does not necessarily drive variation in δ18OTR. If
relative humidity is high, source water may be more dominant at a seasonal scale (Treydte et al.,
2014).
Given these sources of fractionation, the most ideal case for paleoclimate reconstruction of δ18OP
from δ18OTR occurs when soil water reflects isotopic measurements of precipitation and where
relative humidity is high, as this would imply that the isotopic composition of water taken into
the tree is reflective of the precipitation. Sites with high annual precipitation are, therefore, wellsuited for studies involving oxygen isotopes in tree rings by reducing evaporative enrichment of
soil water and reducing fractionation in the leaf (Treydte et al. 2014). In these sites, δ18OTR is
likely to reflect that of the source water precipitation.
δ18OP is affected by a variety of factors. δ18OP is influenced by the temperature at which water
vapor forms, and subsequently the temperature at which precipitation forms. As a result, there is
a seasonal effect with oxygen isotopes, with summer precipitation often being more enriched in
δ18O than colder seasons. Following the same rule, higher latitude moisture sources will be more
depleted than those from low latitudes. Changes in atmospheric circulation can alter the source
region of precipitation, thereby affecting the temperature where vaporization takes place
(Edwards et al., 1996). In addition, changes in source region can alter the path that the moisture
takes before raining out. The path that moisture takes before precipitating over a particular area
can influence the number of rainouts that the vapor produces before reaching its destination,
depleting later rainouts via Rayleigh distillation (Rozanski & Sonntag, 1982). Thus, climate
6

dynamics such as the SAM could alter the signal found in the δ18OTR, and variation in the record
may not represent variation in local climate (Porter et al., 2014). If the patterns of δ18OP at the
site (Mount Read) are reflective of trends in the source region, then observing δ18OP at the site
could provide insight into climate dynamics such as the SAM. If this signal is preserved in the
tree rings of A. selaginoides on Mount Read, it is possible to reconstruct nearly two millennia of
climate history using stable isotope analyses.
Carbon isotopes provide a different measure to track local conditions than oxygen isotopes.
While δ18OTR is influenced by both local and regional variables, δ13CTR is controlled by site-level
processes. δ13CTR is sensitive to local moisture, similarly to δ18OTR; however, δ13CTR is also
sensitive to changes in photosynthetic rate, which do not affect δ18OTR. As such, δ13CTR can
support any relationship that δ18OTR has with moisture conditions or weaken confidence in that
relationship if δ13CTR behaves differently than δ18OTR.
The δ13CTR signal found in trees is dependent upon the ratio of the internal carbon concentration
to the ambient carbon concentration (ci/ca). This ratio is influenced by two main processes:
photosynthetic rate and stomatal conductance. A high photosynthetic demand results in a
decrease in internal carbon, meaning that there is less discrimination by the plant when
assimilating carbon. This results in a more enriched δ13CTR value. In addition, if stomata are
closed, then the ratio of ci/ca will decrease, resulting in a similar effect to an increased
photosynthetic rate – less carbon discrimination and enriched δ13CTR values incorporated into the
tree. As a result, δ13CTR is influenced by factors that control stomatal conductance and
photosynthetic rate. δ13CTR is often found to be negatively associated with relative humidity and
positively associated with water stress, as these are factors that control stomatal conductance
(Gagen et al., 2004). In addition, δ13CTR is often found to be positively related to irradiance, as
this influences photosynthetic rate (McCarroll and Pawellek, 2001).
Analysis of δ18OTR and δ13CTR as paired measurements can provide insight into which processes
are influential at the site (Moreno-Gutierrez et al., 2012). Scheidegger et al. (2000) outlined a
process that uses dual isotope measurements to determine whether stomatal conductance or
photosynthetic capacity cause differences in δ13CTR. This is possible because while δ13CTR is
influenced by both stomatal conductance and photosynthetic rate, δ18OTR is not influenced by
photosynthetic rate, though has some sensitivity to stomatal conductance. Given paired δ18OTR
and δ13CTR measurements, the relationship between δ18OTR and δ13CTR can indicate which
processes are controlling these isotopic measurements. Change in relative humidity can be
derived from the change in δ18OTR, and the change in internal carbon concentration (ci) can be
derived based on the change in δ13CTR. These inferences are, however, dependent upon δ18OTR
being reflective of changes in relative humidity, which may not be true at all sites (Roden &
Farquhar, 2012).
Assuming that stomatal conductance is an influential factor for both δ18OTR and δ13CTR, one may
expect to see more enriched values of both isotopes when stomatal conductance is low. Given
these relationships, it is implied that there would be a positive relationship between δ18OTR and
δ13CTR, as indicated in Figure 1. If this relationship is found to be true, then measures that
influence stomatal conductance (such as local precipitation, relative humidity and vapor pressure
7

deficit) are likely correlated with both δ18OTR and δ13CTR. If this relationship is not found to be
present, then it is possible that local moisture measures are only related to one (or neither) of
δ18OTR and δ13CTR. δ13CTR may be influenced mainly by photosynthetic rate, or δ18OTR may more
closely reflect changes in δ18OP.

Figure 1: The expected relationship between δ18OTR and δ13CTR when stomatal conductance is a controlling factor for both
isotopes.

In temperate latitudes, west coast climates experience cool temperatures and abundant moisture
throughout the year, particularly in montane settings. While several records from temperate west
coasts exist in the Northern Hemisphere (Hartl-Meier et al., 2015, Porter et al., 2014), there are
fewer tree ring isotope studies from the Southern Hemisphere. Lavergne et al. (2016) used
δ18OTR in two mid-latitude Southern Hemisphere tree species to reconstruct past temperatures.
Samples of Fitzroya cupressoides and Nothofagus pumilio were collected from high-elevation
sites in northern Patagonia, Argentina, at elevations of 950m – 1610 m above sea level. These
sites receive 700 – 1000 mm of rainfall each year. For one species this team observed, δ18OTR
correlated with summer (December – May) temperatures, and the relationship was statistically
significant. This tree was used to reconstruct December – May mean temperatures for the time
period where instrumental data were available, producing a model that predicts 35% of the
variability in summer temperatures, indicating that Nothofagus pumilio has potential for
paleoclimate reconstructions, and specifically SAM reconstructions (Fig. 2).
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Figure 2: Reconstructed December - May mean temperatures using N. pumilo oxygen isotopes (Lavergne et al., 2016).

Given the spatial and temporal asymmetry of SAM effects on climate, it is important to
recognize the conditions that could potentially be captured by tree ring proxies used to
reconstruct the SAM. Tree ring records are annually resolved; however, because of the growing
season of trees, the climatic signal tends to be limited to summer months (Cook et al., 1991;
Allen et al., 2017). Like other tree ring records, tree-ring isotope records are annually dated, and
the growing season tends to dominate the signal of whole-wood isotopic measurements (Treydte
et al., 2014). Water storage from previous seasons can cause variations in the early wood that
may not reflect early growing season conditions (Waring et al., 1979; Treydte et al., 2014).
Seasonal resolution records from tree ring isotopes are possible, but require careful dissection of
earlywood, formed in spring, and latewood, formed in autumn. Some studies use only the
latewood of tree rings to correlate with climate variables. This method can result in low-mass
samples, as the latewood of trees is often smaller in width than the earlywood. Fu et al. (2017)
observed earlywood and latewood trends in δ18OTR for Pinus kesiya and Pinus armandii, finding
that δ18O of earlywood correlated with climate variables (relative humidity and precipitation) in
the spring and the δ18O of latewood correlated with climate variables in autumn. These results
suggest that earlywood/latewood separation may be of use in sites where there is high seasonal
variation in climatic conditions. However, whole-ring isotope analysis may be the only option
when radial growth is slow and rings are too small to separate earlywood from latewood.
While there has been a notable juvenile effect in δ13CTR for numerous trees, there have been
fewer examples of juvenile effects for δ18OTR (Leavitt et al., 2010). Duffy et al. (2017) found that
both carbon and oxygen isotopes in northern hemisphere oak trees exhibited very short juvenile
effects, and excluding the first five rings of these trees was sufficient enough to account for the
effect. While this is a different type of tree in a different part of the world, there is little other
evidence to suggest a notable juvenile effect in δ18OTR. Only one tree I measured (606) would
risk having altered values due to a juvenile effect.
Athrotaxis selaginoides
Athrotaxis selaginoides, known by the common name “King Billy
Pine”, is a conifer species in the genus Athrotaxis, which is
endemic to Tasmania. As a temperate rainforest species, A.
selaginoides occurs in wet sites, at a wide range of altitudes from
~400 – 1200 m. The species is generally slow growing at maturity,
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Figure 3: The range of A.
selaginoides, as modeled by Porfirio
et al., 2014

only adding a few millimeters of radial growth each year. The range of A. selaginoides has been
reduced due to fire over time, particularly after European settlement (Cullen, 1991), and as a
result it can currently only be found in discontinuous areas across Tasmania protected from
frequent fire (Fig. 3).
Though dating of trees from the Athrotaxis genus was initially uncertain (Ogden, 1978), species
from this genus have considerable potential for dendrochronological studies. Allen et al. (2017)
produced a millennial-length chronology for Cradle Mountain, Tasmania using ring width in A.
selaginoides. The chronology was compared to the only other existing millennial-length
chronology in Australia, that of the species Lagarostrobos franklinii on Mount Read, Tasmania.
The sites for these two chronologies are within ~50 km of each other and receive similar climate
conditions. For this reason, differences between the two chronologies may be the result of either
local conditions or physiological differences between the two species. The shapes of the
temperature correlations (maximum, minimum, and mean for each month) for the two
chronologies follow similar patterns, correlating negatively with the prior growing season but
positively for the current growing season. However, correlations with temperature variables for
the A. selaginoides chronology are notably weaker than those of the L. franklinii chronology.
The two chronologies do not share narrow rings, supporting the idea that different factors may
impact growth of the two species. The correlations with climate variables for the A. selaginoides
chronology are too weak for it to be used on its own to reconstruct climate conditions. That said,
a reconstruction of such a great length is immensely useful in a multi-proxy approach to
reconstructing climate conditions in the Southern Hemisphere.
While ring width in the A. selaginoides population on Cradle Mountain is weakly correlated with
climate variables, wood density of the rings of the Athrotaxis genus and related trees in Tasmania
have paleoclimatic potential. Allen et al. (2012) correlated average wood density in the rings of
two Tasmanian tree species (Athrotaxis cupressoides and Phyllocladus aspleniifolius) with
temperature variables. In general, for both species, correlations between average density and
temperature were opposite in sign than correlations between ring width and temperature.
However, these correlations were found to be much stronger than those of ring width and
temperature, exceeding r = 0.5 when correlated with maximum temperature in the summer
months. O’Donnell et al. (2016) found similar results for A. cupressoides and suggested a
method that uses the complimentary signals of tree ring width and mean density to reconstruct
climate in Australia.
The results of these studies make it clear that the use of multiple measures and varied proxies can
be used to strengthen the relatively weak ring width signals of trees in southeastern Australia.
While tree-ring width and other wood properties provide a useful record of past conditions,
annual ring growth is influenced by a wide variety of factors and can be heavily influenced by
local conditions (McCarroll and Loader, 2004). This is evidenced in the Athrotaxis genus by
relatively low temperature correlations with ring width (r = -0.2 – 0.4, Allen et al., 2017) and
wood properties (r = -0.5 – 0.3, Allen et al., 2012). By contrast, the mechanisms that determine
stable isotope ratios in tree rings are better understood, more consistent, and have more potential
for site-to-site comparison given the standardized measurement of isotopic ratios. The
combination of ring width proxies and stable isotope proxies has been used to produce improved
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reconstructions (Gagen et al., 2006). If stable isotope data is implemented into existing
reconstructions of Southern Hemisphere climate, it might be possible to gain a greater
understanding of the processes that control regional climate effects, such as the SAM and related
systems.

Methods
Study Area
A research team conducted tree ring sampling of live A. selaginoides trees near the summit of
Mount Read (41.84° S, 145.54° E, 1123 m), located on the west coast of Tasmania, Australia
during January 2020 (Fig. 4). The west coast of Tasmania is characterized by a moist climate,
with cold winters and warm summers (Reid et al., 1990). Median annual rainfall on Mount Read
is 3768.4 mm (Bureau of Meteorology), which is among the highest values in Tasmania. Rainfall
peaks in winter, though monthly rainfall totals exceed 170 mm in all months (Fig. 5). High levels
of precipitation will strengthen the relationship between δ18O of precipitation and δ18O of soil
water by limiting the fractionation effects of evaporation (Treydte et al. 2014). Mount Read has a
peak elevation of 1123 meters, placing it at the edge of A. selaginoides’ altitude range. The forest
at the site is classified as a cool temperate rainforest and composed mainly of Athrotaxis
selaginoides, Athrotaxis cuppressoides, and Lagarostrobos franklinii. The sampling site is
located on a steep slope (20 – 40 degrees) near the summit of Mount Read.

Figure 4: Map of Tasmania that highlights the study site, Mount Read (red star).
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Figure 5: Climograph of Mount Read. Precipitation is the blue bars, temperature is the green line.

Field methods
A research team collected 5 mm cores from 20 A. selaginoides trees on Mount Read. Three cores
were collected from each tree to ensure that enough mass was present to perform isotope
analysis. We recorded tree height and diameter at breast height (DBH), soil depth, canopy cover,
and slope at the site of each tree we sampled.
Lab methods
I mounted, sanded, dated, and measured all the cores gathered for each tree using standard
dendrochronological methods (Stokes & Smiley, 1968). For Southern Hemisphere tree ring
samples, the “current” year includes the subsequent year’s growing season months. Therefore, a
sample assigned the year 1960 represents the growing season of September 1960 – February
1961. I measured individual ring widths and tested the accuracy of these measurements and their
dating by comparing them to measurement patterns in an existing cross-dated chronology from
Mount Read (Allen et al., 2017) using the crossdating software COFECHA (Holmes, 1983). The
existing chronology covers the period 439 BCE – 2018 CE and contains 147 ring width series.
For the purposes of comparing stable isotope proxies developed here with one derived from ring
width series, I created a detrended tree ring width chronology, including the new series collected
and measured in this study. I power transformed (Cook and Peters, 1997) and detrended the
increment series using an age-dependent smoothing spline where the frequency response is set at
0.50 at a wavelength of 0.67 (2/3 length of each series). Residual values from the detrended
series were combined in a mean-value chronology using Tukey’s biweight robust mean. For
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subsequent analysis, I used the years 1960 – 2018 of the chronology, with a sample depth of 55
ring width series.
For isotope analysis, I selected sampled trees with at least two cores that dated reliably
(correlation with the master chronology > 0.3). For each core with reliable dating, I used a rotary
microtome to section individual rings for the years 1959 – 2019. The microtome was used to
slice the tree rings into shavings 20µm thick for effective cellulose extraction. I stored shavings
in polypropylene microcentrifuge tubes labeled with the correct year and tree ID. Rings that
belong to the same tree were pooled by year to ensure enough mass is present to gather isotopic
ratios. For example, if there are two cores for tree 605, and both of those cores have a ring that
represents 2005, then those two rings were pooled together to become sample 605-2005.
Trees produce waxes, resins and lignins that are mobile in the tree and can alter the isotopic
ratios in samples. To isolate only the α-cellulose present in the wood, I used the Brendel et al.
(2000) system for cellulose extraction from the whole-wood samples, ideal for both δ13CTR and
δ18OTR measurement. This method allows for batch sampling for efficiency and is designed for
small-mass samples. In addition, this process does not require transferring samples between
tubes, which helps to prevent sample loss. The process of cellulose extraction involves exposing
each sample to acetic acid and nitric acid to isolate the cellulose from lignins and non-cellulosic
polysaccharides. Then, the samples undergo four chemical washes to remove these noncellulosic compounds. The samples are dried in an oven and desiccated after this process. Prior
to isotope analysis, I placed 0.20 mg (+/- 0.02 mg) of each dried sample into a silver capsule. I
did not prepare samples for isotope analysis if they contained an insufficient mass of cellulose.
The cellulose samples were analyzed in a Costech-IRMS for δ13CTR and δ18O. This is achieved
through high-temperature pyrolysis, which converts the carbon and oxygen from the samples
into carbon monoxide (CO). The combusted gas passes through an acid water trap that removes
CO2 and H2O, leaving only the CO to be transferred to the IRMS for analysis. The combusted
CO contains molecules of three separate species: 12C16O, 13C16O, and 12C18O. species correspond
to mass numbers 28, 29, and 30. The IRMS tracks the masses of CO, which allows the user to
determine stable isotope ratios based on the proportion of the CO molecules measured for each
of these masses.
A 99-slot autosampler was used for processing the cellulose samples. For each run, 72 cellulose
samples were analyzed along with 27 samples of standards. The samples were measured against
two standards, SAC (Sigma alpha cellulose) and AKC (Alaskan corn). Drift in the samples was
calculated based on drift in the measurements of the reference gases.
The samples were left in the autosampler overnight sealed with helium gas to dehydrate them.
The autosampler was attached to a Costech HTG 02 elemental analyzer. The Costech EA
combusted the samples at 1080 degrees C in a reactor so that the carbon and oxygen in the
samples became CO. This reactor consists of a quartz tube containing quartz wool, nickel wool
and glassy carbon. The CO was then routed through an acid water trap made of quartz wool,
magnesium perchlorate, and a CO2 absorbent. This trap absorbed CO2 and excess water. The CO
was then routed into the gas chromatography oven (75 degrees C) which separated compounds to
be measured. From here, the gases were routed to the mass spectrometer which detected and
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measured the types of CO present – 28, 29, and 30 which indicates different types of CO. This
entire process was performed under helium flow to route the CO through the mechanism and
avoid exposure to outside air. Helium is an inert gas, making it an ideal carrier gas. The helium
was sent routed through the elemental analyzer at a pressure of 9.5 psi to provide a flow rate of
roughly 110mL/minute.
We recorded all δ18OTR samples as the proportion of 18O/16O using per mil (‰) notation with
respect to Vienna Standard Mean Ocean Water (VSMOW).
Analysis
A. Checked and cleaned δ18OTR & δ13CTR data
I performed Suess corrections on the δ13CTR dataset to remove the long-term positive trend in the
δ13CTR data resulting from the addition of fossil-fuel derived CO2 to the atmosphere, which is
depleted in δ13C (Keeling, 1979). I used atmospheric δ13C measurements (Graven et al., 2017,
Table 2) and flask measurements from Baring Head, New Zealand (Keeling et al., 2001) to
correct δ13CTR data. The Baring Head measurements are latitudinally similar to Mount Read
(41.4° S vs. 41.8° S), so I performed a latitude adjustment on the Graven measurements for the
period 1960 – 1984. Therefore, the final dataset that I used for Suess corrections consisted of
latitude-adjusted Graven measurements for 1960 – 1984 and Baring Head flask measurements
for 1985 – 2018.

Table 2: A list of data I used in this research with references and source links.
Dataset

Period
Available

Period
Used

Resolution

Variables

References

Access

GNIP

1979-2002

Monthly

δ18OP

1889-2021

Monthly

Rainfall

IAEA/WMO,
2021
Jeffrey et al.,
2000

https://www.iaea.org/services/networks/gnip

SILO

19792002
19592019

Bureau of
Meteorology

http://www.bom.gov.au/climate/averages/tables/cw_097085.shtml

Graven et al.,
2017
Keeling et al.,
2001

https://doi.org/10.5194/gmd-10-4405-2017-supplement

Radiation

https://www.longpaddock.qld.gov.au/silo/gridded-data/

Temperature
RH
VPD
PET
RH
MRD
Stations

1990-2021
1996-2021
1997-2021

Carbon

1850 - 2015

Baring Head

1985 - 2021

19902021
19962021
19972021
1960 2015
1985 2018

Monthly
Monthly

Solar
Radiation
Temperature

Monthly

Precipitation

Annual

Global δ13CO2

Monthly

δ13C Flask
Measurements

https://scrippsco2.ucsd.edu/data/atmospheric_co2/nzd.html
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Marshall
SAM Index
ERA5

1957 - 2021
1950-2021

NCEP/NCAR
Reanalysis

1948 - 2021

1960 2018
19592019

Monthly

SAM Index

Monthly

Temperature

1960 2019

6-hour

Precipitation
Atmospheric
Pressure

Marshall
(2003)
Hersbach et
al., 2019;
Bell et al.,
2020
NCEP/NCAR

https://legacy.bas.ac.uk/met/gjma/sam.html
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysisera5-single-levels-monthly-means-preliminary-backextension?tab=overview
https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html

From here, I used median values at each year to create a single time series of both δ18OTR and
δ13CTR. I chose to use median instead of mean in order to reduce the influence of outliers. I
calculated bootstrapped 95% confidence intervals of the median value at each year to provide a
measure of variability.
B. δ18OTR vs. δ18OP
If δ18OP is strongly correlated with δ18OTR, then variation in δ18OTR is likely influenced by source
region effects/conditions. However, if there is no relationship or a very weak relationship, then
local conditions may be a stronger influence on δ18OTR. I used IAEA Global Network of Isotopes
in Precipitation (GNIP) measurements of δ18OP at Cape Grim, Tasmania (1979 - 2002) to assess
the relationship between δ18OTR and δ18OP. I performed Pearson correlations between δ18OTR and
monthly measurements of δ18OP from GNIP for September through February.
C. Assess local site influences
To assess local climate influences on δ18OTR, I calculated correlations between my δ18OTR values
and local climate conditions on Mount Read. I obtained rasterized climate data (precipitation,
minimum and maximum temperature, relative humidity, vapor pressure deficit, solar radiation)
from the Australian Bureau of Meteorology’s SILO database (Jeffrey et al., 2001), recorded as
daily values in netcdf format at 0.05 x 0.05-degree resolution (1889 - present). SILO spatial grids
are produced by interpolation of data from climate stations across Australia. I created monthly
averages (with the exception of precipitation, which is monthly totals) based on these daily grids.
I extracted values for Mount Read from monthly SILO grids via bilinear interpolation of the four
closest cells to my study site (145.54, -41.84). I performed correlations between these SILO data
points and Mount Read station data (Bureau of Meteorology) for the period where station data
are available to verify that the SILO measurements closely reflect the values found at the Mount
Read station (Fig. 6).
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Figure 6: Comparisons between Mount Read station measurements and interpolated SILO values at Mount Read for
temperature (A), precipitation (B), and solar radiation (C).

Based on known relationships between oxygen isotopes and climate conditions (Table 1), I
would expect a positive relationship between δ18OTR and local temperature, and a negative
relationship between δ18OTR and local moisture. I calculated correlations between the Mount
Read δ18OTR and 3-month rolling averages of temperature, precipitation, vapor pressure deficit
(VPD), relative humidity, and solar radiation at Mount Read for September through February.
The seasonal correlations allowed me to determine if certain seasons influence the δ18OTR record
in these tree rings stronger than others, thus those seasons could be well represented in any
climate proxy produced by the tree ring isotopes.
I also calculated correlations with 3-month rolling averages of local climate for δ13CTR. Carbon
isotopes can provide information about stomatal conductance and photosynthetic rate, and
knowing if relationships between these factors and δ13CTR are present can help with
interpretation of δ18OTR. For comparison, I also calculated Pearson correlations between ring
width and 3-month rolling averages of local climate, as above.
To further test the influence of local moisture conditions on the isotopic values, I performed a
dual isotope comparison. If there is a positive relationship between δ18OTR and δ13CTR, then it is
likely that local moisture is influential in determining the values found in both isotope series. I
calculated a Pearson correlation between median δ18OTR and δ13CTR. If local moisture conditions
influence both δ18OTR and δ13CTR, I would expect a relationship similar to the plot pictured in
Figure 1. I would also expect strong correlations between the isotopic values and relative
humidity, precipitation, and VPD.
D. Source Region
δ18OP at Mount Read is not only dependent upon local climate conditions, but also the conditions
at the source region of precipitation. To understand the potential source region of precipitation
for Mount Read, I calculated backward trajectories for Mount Read, Tasmania using the model
HYSPLIT (Stein et al., 2015), which is accessible in the R environment through the package
SplitR (Iannone, 2016). Using NCEP/NCAR reanalysis data as atmospheric pressure inputs, I
simulated trajectories at 10m elevation for the period September – February. I computed five-day
backwards trajectories every six hours at 5-day intervals over this season. I then summarized
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these trajectories by calculating the frequency of trajectories crossing 0.5-degree cells during the
period of record.
The SAM may be a factor that changes moisture delivery paths to Tasmania. Therefore, the
SAM may be a factor that influences δ18OTR, as this implies a change in source region with
changing SAM. I used HYSPLIT backward trajectories to determine if there was any difference
in moisture delivery between SAM-positive states and SAM-negative states. Using the Marshall
SAM index (Marshall, 2003) I composited backward trajectories at Mount Read during the 10
years where the spring and summer (September – February) were the most SAM-positive as well
as the 10 years where spring and summer were most SAM-negative. I then calculated anomalies
(from the mean conditions calculated above) to determine how the source regions differ from the
mean conditions during SAM-positive and SAM-negative years. I also calculated anomalies for
the top 25% and bottom 25% of years by median δ18OTR and September – February average
δ18OP (measured by GNIP) to assess moisture delivery patterns associated with variation in these
datasets.
To observe which regional climate variables influence the δ18OTR series, as well as the specific
areas where they are influential, I created spatial correlation maps between the δ18OTR series and
regional climate variables. I performed Pearson correlations between the δ18OTR series and
spatial climate fields from ECMWF ERA5 to assess any relationship with source region
conditions. ERA5 combines a physics-based model output with observational data to produce a
global field of countless climate variables (Hersbach et al., 2019). The ERA5 dataset spans from
1950 to the present, and it is updated daily with hourly measurements. Monthly means have been
pre-calculated by the ECMWF, which I used in my analyses. I used total precipitation and
temperature at 2m elevation for the years 1960 – 2018. For each variable, I extracted ERA5
spatial fields to an extent that includes the source region of precipitation to Mount Read as
defined by the mean HYSPLIT analysis above. Then, for each cell, I correlated the climate fields
with the δ18OTR series. I compared these spatial correlation maps to the HYSPLIT-produced back
trajectory summary to validate that the most influential areas are the source of precipitation over
Mount Read. In addition, due to the monthly resolution of these data, I observed if source region
influence is stronger in certain seasons. I compared the influence of source region conditions
with the influence of local conditions, providing more insight into what climate information is
reflected in the δ18OTR series. I also calculated spatial correlations between ERA5 climate data
with average GNIP δ18OP for September – February for the years 1979 – 2002. I performed this
analysis to assess differences in moisture delivery that result in variations in δ18OP.

Results
A. δ18OTR
I sectioned 20 cores from 10 trees into individual years using the microtome producing a total of
521 cellulose samples for isotope analysis. In the δ18OTR series, not every year is represented by
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all 10 trees, though every year is represented by at least 8 trees (mean sample size per year =
8.75 trees) thus exceeding the typical minimum sample depth of 4-6 cores per tree (Leavitt,
2010).
The δ18OTR values of the A. selaginoides trees have a low EPS (0.566) and rbar (0.13) for the
period 1960 – 2018 (Table 3) relative to that of the ring width series EPS (0.965) and rbar
(0.222). The series has a low Gleichläufigkeit (GLK) value (0.555), otherwise known as the sign
test, which is a measure of synchronicity between trees. The series shows weak, yet significant
first-order and second-order autocorrelation (AC1 = 0.319; AC2 = 0.273). The mean of the A.
selaginoides δ18OTR chronology for all years is 27.72 ‰ (sd = 0.87 ‰). The means for individual
trees range from 26.83 ‰ to 28.28 ‰. Variability between trees is greater from 1960 – 1995 (sd
= 0.97 ‰) than from 1996 – 2018 (sd = 0.71 ‰) (Fig. 7A). Variability does appear to tighten
from ~1980 – 1987, before widening again from ~1988 – 1995. No trend was found in the data.
Mean δ18OTR and δ18OTR standard deviation are not correlated to any site conditions (Appendix
1).
Table 3: Comparison between δ18OTR and the A. selaginoides ring width chronology, including the number of series, rbar
(average interseries correlation), EPS (expressed population signal), SNR (signal to noise ratio), and GLK (Gleichläufigkeit sign
test) for the period of instrumental record (1960 -2018).

Tree Ring Series

Series (n)

Rbar

EPS

SNR

GLK

δ18OTR

10

0.13

0.566

1.302

0.555

δ13CTR

9

0.318

0.791

3.787

0.592

55

0.222

0.965

27.328 0.637

KBP Ring Width

Figure 7: Representations of King Billy Pine series of δ18OTR (A), δ13CTR (B), and ring width (C) for 1960 - 2018. Dark grey line is a
spline calculated using a frequency response of 0.9 and a wavelength of 10 years of median δ18OTR in (A) and median δ13CTR in
(B). In (C), dark grey line is a 2/3 smoothing spline of mean ring width. Light green represents a 95% confidence interval in all
plots. Light blue line in (A) and (B) is actual median δ18OTR and δ13CTR respectively. Red line in (B) represents a regression line of
δ13CTR over time (R-squared = 0.333, p < 0.01).

The δ18OTR chronology shows a positive relationship with temperature in the late spring and
early summer (Fig. 8A). The correlations with October-December temperature are significant (r
= 0.27, p < 0.05), with other portions of the early growing season showing slight positive
relationships as well. In addition, the correlation with January-March precipitation is significant,
showing a positive relationship for the late growing season and post-season period. There is no
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significant correlation between δ18OTR and relative humidity. VPD has a positive correlation in
the early growing season (r = 0.32, p < 0.05 for OND).
A. selaginoides ring width is positively correlated with irradiance in the September – November
season (Fig. 8; r = 0.34, p < 0.05). All other correlations between A. selaginoides ring width and
climate variables are insignificant.

Figure 8: Correlations between ring width (A), δ18OTR (B), and δ13CTR (C) with 3-month averages of climate variables at Mount
Read. Dots indicate statistically significant correlations (p < 0.05).

The only significant Pearson correlation between δ18OTR and δ18OP occurs in the 3-month period
of November – January (Fig. 9, r = 0.55, p < 0.05). This suggests that there is a strong
connection between δ18OP and δ18OTR during the growing season. Correlations with GNIP for all
other seasons are insignificant.
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Figure 9: δ18OTR plotted against November - January average of δ18OP at Cape Grim, Tasmania. Red line represents a regression
between NDJ δ18OP measured by GNIP and δ18OTR (R-squared = 0.304, p = 0.01).

Standard deviation in the δ18OTR chronology is negatively correlated with VPD in October –
December and November – January; temperature in November – January and December –
February; solar radiation in October – December and November – January; and precipitation in
September – November and January – March (Fig. 10). Both temperature and solar radiation
exhibit negative correlations for September – February.
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Figure 10: Correlation between annual standard deviation in δ18OTR and 3-month rolling averages of SILO climate measures at
Mount Read. Dots represent significant correlations (p < 0.05).

B. δ13CTR
We used nine trees to produce the δ13CTR series. I removed one tree (606) which was used in the
δ18OTR series to account for juvenile effects. Rbar for δ13CTR is 0.318, indicating that the series
are more highly correlated than the δ18OTR series. The mean of the A. selaginoides δ13CTR
chronology for all years is -21.64 ‰ (sd = 0.49 ‰). The means for individual trees range from 22.08 ‰ to -21.24 ‰. There is a distinctive decline in δ13CTR after ~ 1965 (Fig. 7B). Variability
is relatively low throughout the chronology. The negative trend shown by the linear model in
Figure 12 is significant, though it appears to mainly be driven by the enriched values before ~
1965.
Monthly correlations between δ13CTR and local climate variables show no significant
relationships (Fig. 8B). Most correlations are near 0, indicating that no individual signal can be
gathered from the δ13CTR series.

C. Dual Isotopes
There is not a strong relationship between δ18OTR and δ13CTR, and their correlation is not
significant (Fig. 11). The relationship seen in Figure 11 is unlike the one modeled in Figure 1.
This aligns with the low correlations between both isotope measures and local moisture
variables.
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Figure 11: Direct comparison of δ18OTR and δ13CTR, plotted with summer (ONDJ) VPD. Red line represents a regression line
between δ18OTR and δ13CTR (R-squared = 0.04, p = 0.13)

D. Assess Source Region Influences

HYSPLIT backward trajectories show that Tasmania receives most of its precipitation from the
West, due to prevailing westerly winds (Fig. 12). There are occasional easterlies and continental
sources of precipitation, though they are infrequent and this area is much smaller than the
western area of influence. The abundance of sampled trajectories that cross over each cell
decreases heading west out from Tasmania. The area that has the strongest influence is
immediately to the south of the mainland of Australia (south of the Great Australian Bight), with
weakened influence further into the Southern and Indian oceans. Many trajectories begin in the
further reaches of this range, but a large portion of them pass over the area immediately to the
west of Tasmania.
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Figure 12: Summary of HYSPLIT-defined source area for September - February of 1960 - 2018. The scale represents the logtransformed number of occurrences by a trajectory point in each cell.

The difference in HYSPLIT output between the 10 most SAM+ years and the 10 most SAMyears is most prevalent in the region close to Tasmania. The range of the source region is very
similar for both sets of trajectories. However, more trajectories travel near the southern coast of
Australia during SAM+ years, according to the anomaly maps (Fig. 13). There is a region at ~ 40 degrees South to the west of Tasmania that shows positive anomalies. This feature is not
present during SAM- years, during which there are slightly more trajectories at ~ -50 degrees
South to the west of Tasmania.
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Figure 13: Comparison of anomaly plots for HYSPLIT output between 10 most SAM-positive and 10 most SAM-negative years.
Positive anomalies (blue) represent areas that have a greater abundance of trajectories than the mean conditions, while
negative anomalies (red) represent areas with a lower abundance of trajectories than the mean conditions.

The difference in the HYSPLIT output between the top 25% of δ18OTR years and the bottom 25%
of δ18OTR years (Fig. 14) can be described similarly to the SAM anomaly output. High δ18OTR
years show a consistent mid-latitude influence, whereas low δ18OTR years have more latitudinally
varied influence. One notable difference, however, is that low δ18OTR years show an influence to
the east of Tasmania, which is not seen in either SAM anomaly plot.
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Figure 14: Comparison of anomaly plots for HYSPLIT output between the top 25% of years by median δ18OTR and the bottom
25% of years by δ18OTR. Positive anomalies (blue) represent areas that have a greater abundance of trajectories than the mean
conditions, while negative anomalies (red) represent areas with a lower abundance of trajectories than the mean conditions.

The difference in the HYSPLIT output between the top 25% of GNIP δ18OP years and the bottom
25% of δ18OP years (Fig. 15) is slightly different from both the SAM anomalies and the δ18OTR
anomalies. High δ18OP years show influence from areas close to Tasmania to the southwest,
north, and northeast, whereas low δ18OP years have northern influence below mainland Australia
and a distinct lack of trajectories over Tasmania and to the south. The region to the west of
Tasmania does not show consistent patterns for either high δ18OP or low δ18OP.
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Figure 15: Comparison of anomaly plots for HYSPLIT output between the top 25% of years by GNIP δ18OP for September –
February and the bottom 25% of years by GNIP δ18OP for September - February. Positive anomalies (blue) represent areas that
have a greater abundance of trajectories than the mean conditions, while negative anomalies (red) represent areas with a lower
abundance of trajectories than the mean conditions.

Correlations between δ18OTR and regional climate variables reveal relationships in the source
region of precipitation at Mount Read. Figure 16 is masked by significance, so all cells that are
colored are statistically significant (p < 0.05). Temperature is positively correlated with δ18OTR in
some areas surrounding Tasmania. The most notable areas of significance for temperature are to
the west of Tasmania, south of mainland Australia (0.2 < r < 0.4), immediately to the east of
Tasmania (0.2 < r < 0.4), and over the mainland of Australia (0.3 < r < 0.5).
Precipitation is negatively correlated with δ18OTR immediately surrounding Tasmania to the west,
as well as to the north in mainland Australia (-0.5 < r < -0.2). There are small areas where
precipitation is slightly positively correlated with δ18OTR in the Southern Ocean (0.2 < r < 0.4).
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Figure 16: Spatial maps of Pearson correlations were performed between δ18OTR and September - February averages of ERA5
temperature at 2m elevation and total precipitation. These ouput maps are masked by significance, so all cells visible are
statistically significant (p < 0.05)

Figure 17 splits the correlations from figure 16 into two separate seasons, September –
November (spring) and December – February (summer). Similar trends are seen between
temperature and precipitation; in the spring, there is a large patch of correlation to the west of
Tasmania (temperature also shows a large region of positive correlation in the mainland of
Australia). In the summer, the areas that show the corresponding correlation (positive for
temperature, negative for precipitation) become smaller.
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Figure 17: Spatial maps of Pearson correlations were performed between δ18OTR and seasonal averages of ERA5 temperature at
2m elevation and total precipitation. These correlations are similar to the ones seen in figure 12, except these are averages for
September – November and December – February. These output maps are masked by significance, so all cells visible are
statistically significant (p < 0.05).

Figure 18 displays similar correlations to figure 16, however these are performed using the GNIP d18Op
data instead to d18Otr for 1979 – 2002. The region displaying significant temperature correlations is
remarkably different here, with the region to the northeast of Tasmania displaying strong (0.4 – 0.7)
correlations between temperature and GNIP d18Op. Precipitations shows a similar correlation map,
with strong negative correlations (0.4 – 0.6) being present to the west of Tasmania. It is important to
note that, due to the lower number of observations (x years vs. 59), the threshold to be considered a
significant correlation (p < 0.05) requires a stronger relationship.
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Figure 18: Spatial maps of Pearson correlations were performed between GNIP δ18OP and September - February averages of
ERA5 temperature at 2m elevation and total precipitation. These ouput maps are masked by significance, so all cells visible are
statistically significant (p < 0.05)

Discussion
A common dominant control on δ18OTR is local moisture, usually measured by relative humidity
(McCarroll & Loader, 2004). In this study, site-level correlations reveal that δ18OTR is not
significantly correlated with relative humidity at Mount Read over any 3-month period during
from September to February (Fig. 8). However, δ18OTR is significantly correlated with VPD
during October – December (r = 0.32, p < 0.05) and November – January (r = 0.27, p < 0.05).
While these correlations are significant, they are weak. In addition, if local moisture was a strong
influence on stable isotope ratios at Mount Read, we would expect a relationship between δ18OTR
and δ13CTR like the relationship seen in Figure 1 (adapted from Scheidegger et al., 2000) where
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dry conditions cause enrichment in both δ13CTR and δ18OTR due to decreased stomatal
conductance. However, as shown in Figure 11, there is no significant relationship between
δ18OTR and δ13CTR (r = 0.20, p > 0.05). The relationship between δ18OTR and δ13CTR is flat.
Scheidegger et al. (2000) outline a scenario where internal carbon (ci) remains constant, which
indicates that stomatal conductance and photosynthetic rate are both influencing δ13CTR. In this
case, there would be variation in δ18OTR with little change in δ13CTR, which is similar to the
relationship observed in these data. While there is a weak positive correlation between δ18OTR
and VPD, there is no correlation between δ13CTR and VPD or relative humidity between
September and February (Fig. 8). Further, δ13CTR is not significantly correlated to any local
climate conditions. If VPD were strongly influential in controlling stomatal conductance at the
site, then this should be reflected in both the δ13CTR and δ18OTR series. Instead, VPD influences
only δ18OTR, indicating that the influence of local moisture is either weak and/or does not
influence stomatal conductance enough to register with δ13CTR. The Scheidegger et al. (2000)
model assumes that source water δ18OP is constant; however, this is not always the case (Roden
& Farquhar, 2012). Spatial correlations suggest that δ18OP varies with changes in temperature
and precipitation (Fig. 16). Local moisture is influential, though not strong enough to be the
dominant factor influencing δ18OTR.
Consistent with other studies (Lavergne et al., 2016; Porter et al., 2014; Grießinger et al., 2014),
local temperature is significantly positively correlated with δ18OTR in the early growing season
(October – December r = 0.27, p < 0.05). It is possible that this correlation is a product of a
seasonal effect: precipitation that falls in October – December is the water that is incorporated
into the wood later in the growing season. δ18OTR also shows a positive correlation with solar
radiation for September – February (r = 0.26, p < 0.05). Solar radiation can influence δ13CTR due
to increases in photosynthetic rate; however, solar radiation is not commonly thought to
influence δ18OTR (McCarroll & Loader, 2004). This may be a spurious correlation as a result of a
confounding variable. δ18OTR is correlated with local temperature, which is also correlated with
irradiance. As a result, δ18OTR shows a positive correlation with solar radiation, even though no
mechanisms that control δ18OTR are strongly influenced by solar radiation.
The spatial correlations for September – February reveal which regions are influential in
determining δ18OTR of A. selaginoides. δ18OTR shows a positive relationship with temperature in
the Indian Ocean immediately to the south of mainland Australia (35-45° S, 110-140° E), which
is expected. For precipitation, there is an area of strong negative correlation immediately to the
west of Tasmania, slightly further east (40-45° S, 135-145° E) than the region of correlation for
temperature. A negative relationship between δ18OTr and precipitation amount along the path of
moisture delivery to the site is also to be expected, due to Rayleigh distillation and the amount
effect (Dansgaard, 1964). The HYSPLIT sampling of backward trajectories (Fig. 12) for 1960 –
2018 suggests that this region of the Indian Ocean to the south of mainland Australia is the most
common source region of precipitation (35-45° S, 110-150° E) at Mount Read. The pair of
relationships with temperature and precipitation combined with the HYSPLIT output provide
some insight into the dynamics that influence δ18OP of the source water to A. selaginoides at
Mount Read. Water vapor forms over the Indian Ocean in the region where temperature shows a
positive relationship with δ18OTR; as the HYSPLIT output would suggest, this is a common
occurrence. This moisture travels east, passing over the region where precipitation shows a
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negative relationship with δ18OTR, eventually passing Mount Read as well. The temperature in
the initial area of vapor formation influences the initial δ18O of the water vapor. If this vapor
mass has any precipitation events on its path to Mount Read, the subsequent vapor mass and
precipitation events will be more depleted. δ18OP at Mount Read is influenced by this chain of
events, and thus temperature and precipitation in this region are reflected by δ18OTR. This process
also aligns with the idea that, due to the prevailing westerly winds in the mid-latitudes, much of
the precipitation at Mount Read comes from the west, along the path defined by the HYSPLIT
analysis. The strength of the correlations with temperature (0.2 < r < 0.4) and precipitation (0.2 <
r < 0.5) suggests that variation in δ18OP coming from the west influences δ18OTR at Mount Read.
Despite prevailing westerly winds, Tasmania experiences occasional easterly winds (Hendon et
al., 2007). A smaller region immediately to the east of Tasmania also shows a positive
correlation between temperature and δ18OTR and is a common source region according to the
HYSPLIT results (Fig. 12). It is possible that this region is also a source of precipitation at
Mount Read, following the same dynamics present in the source region to the west. This source
region is smaller and does not extend far into the ocean, suggesting that this vapor forms and
rains out closer to Tasmania; therefore, the corresponding negative correlation with precipitation
is not over the ocean, but rather over Tasmania itself. There is also a significant positive
relationship between δ18OTR and temperature over the mainland of Australia. As evidenced by
the HYSPLIT backward trajectories, the mainland is not a common source region of air masses
for Mount Read (Fig. 12), though it is possible that there are occasional sources of precipitation
from mainland Australia that are highly enriched after forming over a lower latitude land surface.
The weak relationship between local moisture conditions and δ18OTR supports the idea that
variation in δ18OP significantly influences δ18OTR at Mount Read. High precipitation at Mount
Read (Fig. 5) serves to strengthen the relationship between δ18OP and δ18OTR due to less
fractionation at the site (Treydte et al., 2014). In addition, abundant moisture at the site leads to
less variation in relative humidity, and thus stomatal conductance may not be low enough to
impact the δ18OTR signal very often. While there is a significant relationship between δ18OTR and
VPD, introduced by either controlling stomatal conductance or evaporative enrichment of soil
water, it is weak enough that it does not significantly diminish the relationship between the
source water and δ18OTR.
There are multiple seasonal relationships observed between local and source region climate
variables with δ18OTR that are difficult to reconcile. Spatial correlations with temperature and
precipitation imply that the early growing season is the most influential season for determining
the δ18OTR signal, as Figure 17 shows that in September – November, the regions showing strong
correlation are much larger than in December - February. However, other data such as the GNIP
δ18OP measurements imply that the commonly accepted summer growing season is the most
influential for oxygen incorporation (Fig. 9). It is possible that the precipitation formed in the
spring is the water that is used by the trees during the growing season, which would suggest that
there is a lengthy residence time of water in the soil or in the tree before it is incorporated
(Treydte et al., 2014). Another possibility is that the growing season of A. selaginoides is not the
commonly accepted December – February, but rather begins slightly earlier. This would explain
the weakened strength of correlations in December-February. However, both scenarios conflict
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with the strong correlation between δ18OTR and GNIP δ18OP in the November – January season (r
= 0.55). The relationship with GNIP δ18OP could be in question, since GNIP is not measured at
Mount Read, but rather nearby Cape Grim, which is a much lower altitude (86 m) than Mount
Read (1123 m), and higher altitude sites receive more depleted δ18OP than lower altitude sites
(Dansgaard, 1964). In addition, there is a limited number of observations available for GNIP (n =
21). The plot shown in Figure 9 indicates that the relationship between δ18OTR and GNIP δ18OP
may be driven by only a few data points. It is possible that vapor forms in October-November,
travels to Tasmania and falls in November-December, which could suggest that both
relationships are valid. However, the 120-hour backward trajectories produced in Figure 12
imply a much shorter travel time for these air masses.
There is high inter-tree variation within the δ18OTR data relative to the ring width chronology.
Low EPS (0.566) and rbar (0.13) for the δ18OTR series indicate that the trees do not share strong
year-to-year correlations (Table 3). The average range in values for each year is 2.68 ‰
(standard deviation = 0.91 ‰). For this reason, I used the median δ18OTR value for each year
instead of the mean, as it reduces the effect of outliers. As shown in Figure 7, variation is higher
in the early years of the study period (~ 1960 - 1995) than the later years (~ 1996 - 2018). This
variability makes annual trends difficult to parse. I attempted to resolve the source of this
variability by correlating individual tree means and standard deviations with local conditions we
measured while sampling; however, this produced no significant correlations (Appendix 1). The
paired δ13CTR measurements have much higher EPS (0.791) and rbar (0.318). If the variation in
δ18OTR was the result of an error in sample processing, then this variation would also be present
in the δ13CTR series. The source of variability between trees is most likely climatic conditions or
a physiological trait in A. selaginoides that allows trees to not photosynthesize at the same time.
Significant first-order (0.319) and second-order (0.273) autocorrelation values imply that there
could be some influence of water storage from previous years, which could contribute to
variability between trees. However, these values are quite low even if they are significant, so it is
unlikely that these values are driving variability in δ18OTR between trees. It is also possible that
heterogeneous topography at the site contributes to this variability.
Correlations with climate variables using the between-tree variability in δ18OTR (standard
deviation) reveal that δ18OTR variability is negatively correlated with solar radiation, temperature,
and VPD during the early growing season (Fig. 10). This relationship would imply that variation
in δ18OTR decreases in a warmer, dryer climate. One possible physiological explanation for this is
that variation between trees is mainly introduced by stomatal conductance. In warm and dry
conditions, the A. selaginoides trees could be behaving more similarly to each other because
there is not as much leaf water enrichment via the Péclet effect (Barbour et al., 2004). The source
water signal receives the same treatment by all trees in this case, leading to less variation in
δ18OTR. Under cool and wet conditions (which are common on Mount Read due to high
precipitation), the source water delivery is altered by individual-tree processes, and factors such
as rooting depth may alter the δ18OTR values, resulting in higher variation in δ18OTR. One possible
way to test for this would be to split the chronology where variation changes (~1995) and
perform the spatial correlations on the two groups. If there is more correlation in the later years
where variation is lower, this would imply that δ18OTR closely reflects the signal of the source
water under these conditions.
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The HYSPLIT sampling hints at a possible influence of the SAM on the source region of
precipitation at Mount Read. During positive SAM years, there is a distinctive trail at ~ 41° S
where positive anomalies show an abundance of backward trajectories. This trail is not present
during the negative SAM years (Fig. 13). These results could imply a consistent mid-latitude
influence during strongly positive SAM years, whereas negative SAM years have a more varied
distribution of trajectories with more influence from higher latitudes near the Southern Ocean.
SAM has been trending positive over the past 60 years (Marshall, 2003), which would imply that
mid-latitude trajectories are more common later in the study period. A distinctive difference in
trajectories between positive SAM and negative SAM years would have implications for the
δ18OTR signal at Mount Read. Negative SAM years display a latitudinally wider range of
moisture sources than positive SAM years (Fig. 13). A high-latitude moisture source would be
more depleted in δ18O, as vapor from colder regions is more depleted (Dansgaard, 1964). I would
hypothesize that, during SAM years, the δ18OTR signal would have greater variation and would
be slightly more depleted than positive SAM years, due to the difference in source region, and I
would expect spatial correlation maps for these two groups to be different. This is supported by
the HYSPLIT anomalies by δ18OTR, which show similar patterns to the SAM anomalies (Fig.
14). A strong mid-latitude influence is associated with both positive SAM conditions and
increased δ18OTR, which could imply that the SAM is influencing the δ18OTR signal. While these
patterns are interesting, there is no significant correlation between δ18OTR and the SAM index for
September – February over the study period. Further research is needed to investigate the
moisture delivery conditions associated with both positive SAM and increased δ18OTR.
Differences in the spatial correlations and HYSPLIT anomalies between the GNIP δ18OP dataset
and the δ18OTR measurements imply that different moisture sources may be influencing these
measurements. The spatial correlations for GNIP (Fig. 18) imply that moisture to the northeast of
Tasmania is influential in determining the δ18OP signal, while the area to the west is insignificant.
The spatial correlations for δ18OTR (Fig. 16) show that the area to the west of Tasmania is the
most significant region, and while there is some eastern influence it is not nearly as strong as
seen in the δ18OP correlations. It is possible that moisture that originates in the northeast, while
more infrequent, is more enriched in δ18O than most moisture delivered to Tasmania, and the
strong δ18OP value is measured in the GNIP dataset. However, this precipitation would mix with
moisture storage already present at Mount Read, and much of it would run off before being
incorporated into the trees, resulting in a more muted influence on the δ18OTR signal. However,
the HYSPLIT anomalies by GNIP do not show a strong northeastern influence associated with
high δ18OP (Fig. 15). In addition, some of this variation could be because GNIP data are
measured at Cape Grim, which is near Mount Read but not the same location.
The local correlations reveal that δ18OTR is significantly correlated with precipitation in January
– March (r = 0.26, p < 0.05). This correlation is unusual because δ18OTR is generally not thought
to be positively related to total precipitation (McCarroll and Loader, 2004). There is often no
relationship, and in some cases a negative relationship. In addition, this correlation occurs during
a period where no other climate measure is significantly correlated with δ18OTR. The combination
of these factors combined with the relatively weak relationship leads me to believe that this is a
spurious correlation. However, it is possible that high amounts of precipitation in the mid- to
late-growing season are indicative of some other climate process that would influence δ18OTR.
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For instance, high precipitation could be a result of negative SAM conditions which encourage
more rainfall in western Tasmania (Meneghini et al., 2007; Hendon et al., 2007). As discussed,
negative SAM could also result in a latitudinally varied moisture source for Mount Read, which
could impact the δ18OTR signal. Further research is required to investigate any link in these
processes.

Conclusions
δ18OTR in A. selaginoides at Mount Read demonstrates weak correlations to local climate
measures, while having slightly stronger correlations with regional climate measures. The weak
local controls on δ18OTR are likely due to high precipitation at Mount Read, resulting in high
moisture levels at the site, which serves to strengthen the relationship between δ18OP and δ18OTR.
The spatial distribution of the regional correlations makes sense given the modeled source
region, though the relationships are not strong. Given the variability between samples and
relatively weak relationships with climate variables, δ18OTR at Mount Read cannot be used as a
proxy for paleoclimate on its own. However, the δ 18OTR series shows sensitivity to local
temperature and VPD, as well as regional temperature and precipitation, meaning that δ 18OTR in
A. selaginoides may have potential to support paleoclimate reconstructions when combined with
other proxies in the region. While the δ13CTR series has much less variability than the δ18OTR
series, it does not show any relationships to local climate variables, which implies that it does not
have much potential to support paleoclimate reconstructions, except as a tool to help further
analyze the δ18OTR series.
The backward trajectories produced by the HYSPLIT model demonstrate that the most
influential source region of precipitation at Mount Read is to the west of Tasmania, due to the
mid-latitude westerly winds. The SAM influences the source region of precipitation as well, as
positive SAM conditions are marked by a distinct mid-latitude trajectory path which is not
present under negative SAM conditions. Given the sensitivity of the δ18OTR series to variations in
δ18OP, it is possible that paleoclimate reconstructions involving δ18OTR at Mount Read could
measure historical variation in the SAM. Further research is necessary to confirm any influence
that the SAM has on the δ18OTR signal in A. selaginoides.
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Appendix

Appendix 1: Plots of mean δ18OTR and δ18OTR standard deviation by tree against site conditions at each tree (soil depth, altitude,
diameter at breast height, slope, and canopy cover). No significant relationships exist between mean δ18OTR or δ18OTR standard
deviation and the site conditions I measured (n=10).
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